[1] The TIMED Doppler Interferometer (TIDI) on the NASA Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite has been measuring horizontal winds in the mesosphere and lower thermosphere (MLT) since 2002. Because of the high inclination of the TIMED orbit, TIDI measures the horizontal winds from pole to pole every orbit. This paper presents the first assessment of the spatial structure and temporal evolution of the nonmigrating semidiurnal tides over the Arctic determined from the TIDI wind measurements and a comparison of the structure of the nonmigrating semidiurnal tide between the Arctic and Antarctic. The nonmigrating semidiurnal tides were determined as a 60 day average based on the yaw cycles of the spacecraft. The nonmigrating semidiurnal tidal wind field over the Arctic comprises mainly the westward-propagating zonal wave numbers 1 (W1) and 3 (W3) and standing zonal wave number 0 (S0) modes. The W1 mode is the most prominent, maximizing above 90 km poleward of 60°N during the yaw interval ranging from mid-March to mid-May. While this mode exhibits a slight amplitude increase toward the North Pole during this interval, its phase is nearly constant with latitude. The S0 mode is enhanced over two yaw intervals ranging from mid-January to mid-May, but its amplitude decreases toward the North Pole. Compared to the W1 semidiurnal tide over the Antarctic, that over the Arctic is smaller in amplitude, of less extended duration, achieves maximum amplitudes at higher altitudes by ∼10 km, and exhibits a weaker amplitude increase toward the pole. These differences likely result from differences in excitation mechanisms and efficiency and/or in propagation conditions in the two responses for the nonmigrating semidiurnal tides between the Arctic and Antarctic.
Introduction
[2] Atmospheric tides are one of the most prominent features of the wind field in the mesosphere and lower thermosphere (MLT). These arise primarily from solar thermal absorption in the troposphere and lower stratosphere, grow in amplitude as they propagate to higher altitudes, and attain local amplitudes as high as ∼50 to 100 ms −1 or greater extending from the MLT to much higher altitudes [Kato, 1980; Lindzen, 1990] . The solar tidal periods are harmonics of a solar day and they comprise both migrating (Sunsynchronous) and nonmigrating modes due to longitudinal variations in the linear and nonlinear sources Forbes, 2002, 2003] .
[3] Global tidal structure in an idealized atmosphere, including all the various modes, can be described by Laplace's tidal equation and represented as a superposition of an infinite series of eigenfunctions, referred to as Hough functions [Chapman and Lindzen, 1970; Volland, 1988] . Hough functions, or Hough modes, are characterized by two indices (s, n), where s and n are related to the longitudinal and latitudinal structure and used to indicate the zonal wave number and meridional index. The Hough functions indicate that the dominant contributions to the tidal field at low latitudes are the first symmetric migrating modes, for example the (1, 1) mode for the diurnal tide and the (2, 2) mode for the semidiurnal tide [McLandress et al., 1996] . These Hough functions are expanded for the tidal wind field, as Hough Function Expansions (HFEs) [Chapman and Lindzen, 1970; Forbes, 1982a Forbes, , 1982b Forbes, , 1995 . On the basis of the HFEs, the diurnal (1, 1) mode maximizes equatorward of ∼30°while the semidiurnal (2, 2) mode maximizes at latitudes of ∼55°.
[4] In the HFE theory, amplitudes of tides a with a zonal wave number s are expected to vary as a ∼ sin s−1 [Forbes et al., 1999a] , where is colatitude. Hence the HFEs predict that amplitudes of the tides with s (≠1) decrease with latitude toward the pole. On the other hand, amplitudes of tides with s = 1 are expected to remain constant poleward of ∼60°. Therefore, the tidal field in the vicinity of the poles is expected to comprise primarily the s = 1 mode.
[5] These theoretical predictions for the semidiurnal tide at high latitudes were first verified by Hernandez et al. [1993] from OH airglow emission wind measurements at South Pole during winter. Seasonal variations of the westward-propagating zonal wave number 1 (W1) semidiurnal tide in the vicinity of the South Pole were subsequently observed by a meteor radar . These observations revealed that the W1 mode was enhanced during summer Forbes et al., 1995 Forbes et al., , 1999b Lau et al., 2006] . Portnyagin et al. [1998] compared the W1 mode determined from South Pole measurements with the measurements at lower latitudes in Antarctica and concluded that the W1 mode dominated poleward of ∼75°S. Recent analyses from radar measurements at multiple stations on the coast of Antarctica by Murphy et al. [2006] determined that the semidiurnal tidal wind field is a mixture of the W1, westward-propagating zonal wave numbers 2 and 3 (W2 and W3), and the standing zonal wave number 0 (S0) modes.
[6] Ground-based wind measurements have also been made at various locations in the Arctic [Hocking, 2001; Fisher et al., 2002; Kishore et al., 2002; Mitchell et al., 2002; Aso, 2003; Wu et al., 2003; Merzlyakov et al., 2005; Nozawa et al., 2005; Singer et al., 2005; Hoffmann et al., 2007] , and tidal structures over the Arctic and Antarctic have been compared employing these measurements [Avery et al., 1989; Portnyagin et al., 1993; Fraser et al., 1995; Riggin et al., 2003] . However, it has proven impossible to determine unambiguously the tidal modes from the limited ground-based measurements in the Arctic and Antarctic. As a result, the structures of the tidal modes predicted by models in the high-latitude MLT [Angelats i Coll and Forbes, 2002; Mayr et al., 2005; Miyahara and Miyoshi, 1997; Yamashita et al., 2002] have not been compared with measurements [Du et al., 2007] .
[7] A number of studies have employed wind measurements by the TIMED Doppler Interferometer (TIDI) on board the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite to examine migrating [Wu et al., , 2008a Xu et al., 2009] and nonmigrating [Oberheide et al., 2005 [Oberheide et al., , 2006 Wu et al., 2008b Wu et al., , 2009 tides at low and middle latitudes. Because TIDI measures horizontal winds from pole to pole every orbit, TIDI data were also used by Iimura et al. [2009] for an assessment of the nonmigrating semidiurnal tide over the Antarctic. This paper presents a similar analysis of the nonmigrating semidiurnal tide over the Arctic. Our analysis methods are described briefly in section 2. Results presented in section 3 include seasonal variations of the spatial structures of the nonmigrating semidiurnal tidal modes averaged over 60 day TIMED yaw intervals of the TIMED spacecraft. The observed dominant nonmigrating modes are found to be the W1, S0, and W3 modes. In section 4, the W1 mode over the Arctic is compared to that over the Antarctic. A discussion and summary of these results are presented in sections 5 and 6.
TIDI Wind Measurements and Analysis Approach
[8] Details of the TIDI instrument are described by Yee et al. [1999] , Killeen et al. [1999 Killeen et al. [ , 2006 , and Skinner et al. [2003] . TIDI employs four telescopes viewing O 2 (0-0) emissions along 45°and 135°from the satellite orbit on each side and measuring horizontal line-of-sight (LOS) winds at altitudes from 70 to 120 km every 2.5 km. Recently, Killeen et al. [2006] introduced three modes of the TIDI measurements based on an O 2 (0-0) band filter, p9 (763.78 nm), p15 (765.07 nm), and broadband (764.00 nm). Seasonal variations of the nonmigrating semidiurnal tidal structures over the Arctic presented in this paper are determined from the p9 mode processed at the University of Michigan because these data are continuous since 2002, except for a maximum data gap during 7 days in 2008. Availability of the TIDI data is described in detail online at (http://tidi.engin.umich.edu/).
[9] The TIMED spacecraft orbits the earth 15 to 16 times per day. Figure 1 shows a ground track of the TIMED spacecraft, in addition to locations and viewing directions of the TIDI measurements poleward of 40°N from 1432 to 1458 UT on day 105, 2008. Locations and directions of wind measurements by the four telescopes are shown in black (telescope 1), red (telescope 2), blue (telescope 3), and green (telescope 4). During the yaw interval from midMarch to mid-May, telescopes 3 and 4 measure winds poleward of 60°N in the rearward and forward directions of the spacecraft, respectively. The LOS winds are determined Figure 1 . Ground track of the TIMED spacecraft (yellow arrows) and locations of TIDI measurements poleward of 40°N from 1432 to 1458 UT on day 105, 2008. Measurement locations of the four TIDI telescopes are shown by black (telescope 1), red (telescope 2), blue (telescope 3), and green (telescope 4) stars. Arrows from the TIDI measurement locations show the viewing directions of the telescopes. Local time is indicated on the circumference of the figure. every ∼2 min. A time lag of ∼10 min between forward and rearward measurements on each side of the satellite provides near "common volume" orthogonal LOS views from which horizontal vector winds are obtained. In Figure 1 , telescopes 3 and 4 measured the winds at approximately 51.5°E and 234.3°E, which are equivalent to 1811 LT and 0622 LT, respectively.
[10] Ideally, vector horizontal winds can be determined with the LOS wind measurements using the two telescopes on either side of the spacecraft . However, each TIDI telescope has a different offset. Additionally, the TIDI telescopes are sensitive to solar radiation during measurements at high latitudes and the measurements contain noise having magnitudes that depend on the sensitivities of telescopes and strength of the solar radiation.
[11] We make two assumptions in our use of the TIDI data. We assume that the systematic errors in each telescope are constant with time and location. We also assume that the noise due to solar radiation varies slowly with time in each latitude circle. On the basis of these assumptions, the nonmigrating semidiurnal tidal modes over the Arctic were determined with the same method employed by Iimura et al. [2009] over the Antarctic. Over the course of the yaw interval the orbital plane precesses allowing TIDI to observe winds for roughly 12 h of LT of the ascending portion of the orbit and another 12 h of LT on the descending portion of the orbit.
[12] The measurement data were first collected in 5°lati-tude bins between 60°N and 85°N and a 3°bin from 85°N to 88°N and successive 3 day time-longitude running means were computed for each altitude and telescope separately. The daily LOS winds were differenced with these means, leaving residual time series. Because TIDI measures LOS winds at the same LT at different longitudes within each 3 day mean, the means include the migrating tides and the zonal mean. Thus, 3 day mean removal retains primarily the nonmigrating tides.
[13] LOS residuals during each yaw interval were further averaged to create hourly means of a composite day in a 24°l ongitude bin. Creating hourly means of a composite day largely removes traveling planetary waves such as the 2, 4, 10, 15, and 30 day waves. Thus the hourly means comprise primarily the nonmigrating tides. The hourly mean LOS residuals for two telescopes were next combined to determine residuals for the meridional and zonal components. Amplitudes and phases of the nonmigrating tidal modes were computed from a least squares fitting method to sinusoids with periods of 12 and 24 h and zonal wave numbers from westward-propagating 6 to eastward-propagating 6. While the zonal mean and migrating diurnal and semidiurnal tidal modes were obtained from this fitting, these values are not accurate for the reasons discussed above and are not presented. In our discussion, phase is referred to as a time lag of a maximum at longitude 0°and standard deviation of the estimates are referred to as uncertainties. Results are shown in an altitude range between 80 and 110 km because TIDI measures LOS winds continuously in this altitude range.
Results

Westward-Propagating Zonal Wave 1
[14] Amplitudes of the W1 mode in the meridional and zonal components at latitudes from 86.5°N to 60°N and altitudes from 80 to 110 km are shown in Figure 2 for six ∼60 day yaw intervals averaged from 2002 to 2007. Yaw intervals are centered on 15 February, 15 April, 15 June, 15 August, 15 October, and 15 December each year due to the precession of the spacecraft orbit. The most striking features of the W1 amplitudes are the strong maxima occurring in both components during the yaw interval centered on 15 April. Mean amplitudes during this interval exhibit somewhat narrow maxima in altitude, with full width half maxima (FWHM) of ∼15 km. Amplitude variations with altitude and latitude are nearly identical for the two components below ∼100 km. However, the amplitude in the meridional component is larger (by a few ms −1 ) at higher altitudes and all latitudes, with maximum amplitudes spanning latitudes from ∼65 to 86.5°N. Maximum mean amplitudes are ∼13 ms −1 at 105 km and 67.5°N for the meridional component and ∼11 ms −1 at 102 km and 86.5°N for the zonal component. The mean amplitudes displayed here are surely less than the true maxima at the peak of the W1 response because of its confinement to a single 60 day yaw interval.
[15] The W1 mode exhibits significantly smaller and more spatially variable mean amplitudes during all of the other 60 day yaw intervals. In most cases, there is some spatial coherence in the amplitude distributions, see especially the meridional component during the June yaw interval and the zonal component during the October yaw interval. But the combination of smaller amplitudes and less coherent spatial responses suggests less coherent or persistent forcing dynamics and greater intermittency of the W1 mode during these times.
[16] Amplitudes and phases of the W1 mode during the April yaw interval are shown in Figures 3a and 3b as a function of latitude at 100 km and in Figures 3c and 3d as a function of altitude at 86.5°N. Amplitudes of the two components ( Figure 3a ) agree closely at higher latitudes and depart by ∼2 ms −1 near 60°N. Phases of the two components ( Figure 3b ) are nearly constant with latitude, with each exhibiting less than a 1 h phase lag at 86.5°N relative to 60°N. The meridional phase leads the zonal phase by ∼3 h at all latitudes. Vertical profiles of the amplitudes and phases (Figures 3c and 3d ) reveal amplitude growth with altitude to maxima of ∼13 ms −1 at ∼100 km, with the meridional phase leading the zonal phase by ∼3 h above 90 km indicating a mean vertical wavelength of ∼37 km.
Standing Zonal Wave 0
[17] Spatial variations of S0 amplitudes for the same TIMED yaw intervals shown in Figure 2 for the W1 mode are displayed in Figure 4 . This mode appears equatorward of 75°N during the February and April yaw intervals. During the February yaw interval, the S0 mode maximizes at ∼72.5°N and 100-105 km in both components extending to lower altitudes in the meridional component. The structures of the meridional and zonal components are more similar during the April yaw interval. The meridional component appears above ∼95 km, increasing in amplitude equatorward. The enhancement of the zonal component is somewhat more limited in altitude. At other times, the S0 mode exhibits smaller amplitudes, weaker spatial coherence, and localized maxima, suggesting weaker and more intermittent forcing during these intervals. Nevertheless, there is a small coherent response during the October yaw interval at lower latitudes and altitudes from ∼95 to 100 km, indicating a semiannual oscillation.
[18] Figures 5a and 5b show latitude variations of S0 amplitudes and phases at 100 km during the April interval. A clear decrease in amplitude with increasing latitude is seen between 62.5°N and 82.5°N in both meridional and zonal components. The phases of the two components are nearly constant, exhibit ∼3 h difference equatorward of ∼80°N, and move to nearly the same phase poleward of ∼80°N.
[19] Figures 5c and 5d show vertical profiles of the S0 amplitudes and phases at 62.5°N during the April yaw interval. The amplitudes increase with altitude from ∼90 to 97.5 km in the meridional component and from ∼85 to 100 km in the zonal component. At altitudes between 90 and 105 km, both phases exhibit downward progression with the meridional phase leading the zonal by ∼3 h. Vertical wavelengths in this altitude range are ∼31 and ∼37 km for the meridional and zonal components, respectively.
[20] Figures 5e and 5f are the same as Figures 5c and 5d , but for the October yaw interval. The S0 mode exhibits smaller vertical structures during the October yaw interval than during the April yaw interval, including amplitude growth with altitude to ∼97.5 km and a decrease at higher altitudes. Similar phase variations to those during the April yaw interval are seen during the October yaw interval, but with longer vertical wavelengths.
Westward-Propagating Zonal Wave 3
[21] Spatial variations of W3 amplitudes for the same TIMED yaw intervals shown in Figure 2 for the W1 mode are displayed in Figure 6 . The W3 amplitudes exhibit different apparent structures between the meridional and zonal components in all six yaw intervals, with typically larger amplitudes in the meridional component than in the zonal component. Amplitudes maximize during the February yaw interval in both components, but without consistent variations in altitude and latitude. This suggests intermittent forcing of this mode that may point to erratic or episodic source dynamics. The larger amplitudes and/or greater spatial coherence during the February and October yaw intervals nevertheless suggest that these are the dominant forcing periods of the W3 mode.
Comparisons of the W1 Over the Arctic and Antarctic
[22] Iimura et al. [2009] showed that the W1 mode over the Antarctic achieved maximum amplitudes during the yaw intervals from mid-September to mid-January. Amplitudes of the W1 mode over the Arctic and Antarctic are displayed for the seasonally comparable yaw intervals in Figure 7 to enable a comparison of the two responses. Significant differences in the two W1 responses are immediately apparent. These include the following: (1) larger amplitudes over the Antarctic than over the Arctic, (2) larger amplitude gradients with latitude (and altitude) over the Antarctic, (3) maximum amplitudes at lower altitudes over the Antarctic, and (4) a more extended seasonal response over the Antarctic. We discuss each of these differences in greater detail below.
[23] The W1 modes achieve maximum amplitudes ∼50-70% larger over the Antarctic than over the Arctic during the corresponding yaw intervals, centered on 15 April over the Arctic and 15 October over the Antarctic. Maximum amplitudes are ∼12 and 10 ms −1 over the Arctic and ∼20 and 15 ms −1 over the Antarctic for the meridional and zonal components during the April and October yaw intervals, respectively. Differences of the W1 amplitude are even larger during the June (Arctic) and December (Antarctic) yaw intervals, with maximum amplitudes of ∼6 and 4 ms −1 over the Arctic and ∼13 and 16 ms −1 over the Antarctic for the meridional and zonal components, respectively. The larger amplitudes over the Antarctic during the December 
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6 of 13 yaw interval indicate that the W1 response is more sustained than over the Arctic, likely due to more continuous sources.
[24] Amplitude gradients, in both latitude and altitude, are much more pronounced over the Antarctic than over the Arctic for all the yaw intervals displayed in Figure 7 . While the relative amplitudes change over the Antarctic from October to December, they both exhibit pronounced polar maxima having sharp amplitude reductions spanning only a few kilometers above and below in each case.
[25] More detailed comparisons of the W1 altitude profiles at 86.5°N and 86.5°S during the April and October yaw intervals are shown in Figure 8 (top) . A significant maximum amplitude in the meridional component is observed over the South Pole at 85 to 90 km. A smaller maximum amplitude at a higher altitude of 100 km occurs over the North Pole. The vertical profile of the W1 amplitude over the North Pole is very similar between the meridional and zonal components. Over the South Pole, on the other hand, the maximum amplitude of the zonal component is much smaller than that of the meridional component though the altitudes of the maxima are same.
[26] Altitude variations of the W1 amplitudes at 86.5°N and S during the June and December yaw intervals are displayed in Figure 8 (bottom) . The zonal components (Figure 8 , right) have very similar altitude profiles between the South Pole and the North Pole, with maxima at 90-92.5 km, but differ by a factor of ∼4 in amplitude. The meridional components (Figure 8 , left) differ in their vertical structures as well as their amplitudes. The meridional W1 mode over the South Pole has a profile that closely resembles the zonal W1 mode, but with a slightly lower maximum altitude and a ∼3 ms −1 smaller maximum amplitude. The meridional W1 mode over the North Pole, in contrast, exhibits a larger amplitude at a higher altitude than the zonal W1 mode, with a smaller amplitude than the meridional W1 mode over the South Pole at lower altitudes and a comparable amplitude at higher altitudes.
[27] Altitude profiles of the W1 phases are displayed in Figure 9 . Similar phase profiles are observed over the North Pole in the meridional and zonal components with the meridional phase leading the zonal phase by ∼3 h between 90 and 105 km. Thus, the vertical wavelengths are similar in the meridional and zonal components, ∼34 and 40 km, respectively. The zonal phase over the South Pole shows a linear gradient with a vertical wavelength of ∼40 km, which is nearly the same as for the zonal component over the North Pole. The meridional phase over the South Pole deviates from a linear gradient at ∼100 km due to small amplitudes at these altitudes (see Figure 8a) . Similar altitude profiles of the W1 phases are seen in the meridional (Figure 9c ) and zonal (Figure 9d ) components over the North and South Poles during the June and December yaw intervals. Vertical wavelengths are longer below ∼90 km than between ∼90 and 105 km over both poles, and appear to lengthen again at higher altitudes.
[28] Estimated latitude variations of the vertical wavelengths over the Arctic and Antarctic W1 modes during the June and December intervals are compared in Figure 10 . Where amplitudes are sufficient to allow confident estimates, the vertical wavelengths exhibit similar trends over the Arctic and Antarctic, with shorter vertical wavelengths toward the poles.
Discussion
[29] On the basis of nonlinear interaction theory, nonmigrating tides can be excited by interactions between tides and planetary waves (PWs) [Teitelbaum and Vial, 1991; Beard et al., 1999] . Theory suggests that the W1 semidiurnal tidal mode can be forced by the nonlinear interaction of the W2 semidiurnal tide and the stationary PW zonal wave number 1 (SPW1) ]. The growth of the W1 semidiurnal tide comes at the expense of the W2 semidiurnal tide or the SPW1. This was assessed by Kamalabadi et al. [1997] and Baumgaertner et al. [2006] . Modeling by Angelats i Coll and showed that this interaction in the winter hemisphere generates a W1 semidiurnal tide that propagates to the summer hemisphere. [30] Consistent with this theory, TIDI observes larger amplitudes of the W1 semidiurnal tide during Austral summer than at northern summer latitudes because the W2 semidiurnal tide and SPW1 in the stratosphere and lower mesosphere are larger at northern winter low and middle latitudes than at southern winter low and middle latitudes [Hagan et al., 2001; Zhang et al., 2006; Pancheva et al., 2009] . The durations of the northern and southern W1 semidiurnal tidal events observed by TIDI suggest longer (shorter) intervals during which the W2 semidiurnal tide and the SPW1 are enhanced in the northern (southern) hemisphere. The higher-altitude response of the W1 semidiurnal tide over the Arctic also suggests different conditions in the two cases.
[31] Smith et al. [2007] examined correlations between the SPW1 in the Southern Hemisphere determined from temperature and geopotential measurements by the Sounding the Atmosphere using Broadband Emission Radiometry (SABER) instrument aboard TIMED and the semidiurnal tide observed by a meteor radar at Esrange (68°N, 21°E) , Sweden, and noted both correlated and uncorrelated intervals. They assumed that the semidiurnal tidal wind field over Esrange was dominated by the W1 mode in their study. However, TIDI observes comparatively small amplitudes of the W1 mode over the Arctic, suggesting that the semidiurnal tide at Esrange is a mixture of the W2, W1, and possibly S0 modes having variable amplitudes.
[32] If the nonlinear interaction of the W1 semidiurnal tide and SPW1 can generate the S0 semidiurnal tide [Angelats i Coll and , the S0 mode may be enhanced when the W1 mode is enhanced. The W1 mode in Figure 2 and the S0 mode in Figure 4 are enhanced between 70°N and 75°N during the February yaw interval, maximize at approximately 100 km during the April yaw interval, and diminish during the June yaw interval. Additionally, these two modes are enhanced between 95 and 105 km and between 60°N and 65°N in the meridional component during the October yaw interval. Like the W1 mode, the S0 mode typically exhibits smaller amplitudes over the Arctic than over the Antarctic (see Figure 4 for the Arctic and Figure 11 of Iimura et al. [2009] for the Antarctic). These relations suggest that the S0 mode at high latitudes also arises from the nonlinear interaction between the W1 mode and SPW1.
[33] The nonlinear interaction between the W2 semidiurnal tide and SPW1 is also expected to excite the W3 semidiurnal tide. However, Figure 6 shows that the W3 mode is not enhanced during the April yaw interval when the W1 and S0 [34] Simulations with the Middle Atmosphere Circulation Model at Kyushu University (MACMKU) by Yamashita et al. [2002] suggested that the amplitude of the W1 semidiurnal tide increases with altitude, maximizing at ∼105 km poleward of 60°N with amplitudes >20 ms −1 in July and with a maximum at ∼86°N and ∼100 km in August. TIDI observations, on the other hand, show that the W1 mode over the Arctic is enhanced at 100 km during the April yaw interval and moderately between 90 and 95 km during the June yaw interval. The extended Canadian Middle Atmosphere Model (CMAM) simulation described by Du et al. [2007] suggests an amplitude of the W1 mode ∼6 ms −1 at 95 km poleward of 60°N in June. On the other hand, the Numerical Spectral Mode (NSM) by Mayr et al. [2005] suggests that the W1 mode is >24 ms −1 above 95 km in the vicinity of the North Pole in January and February and ∼48 ms −1 at 110 km. Thus, there are major differences in the predictions of the W1 semidiurnal tidal amplitudes, altitudes, and times of maxima among the available models.
[35] TIDI observations, in contrast, suggest that the W1 mode over the Arctic maximizes at ∼13 ms −1 near 100 km during the April yaw interval and between 90 and 95 km during June yaw interval. So while the three models span the observed amplitudes and are reasonably close in the altitudes of the peak responses, their seasonal variations typically depart significantly from the TIDI observations. Seasonal and amplitude differences between the TIDI measurements and the three models may arise, in part, from the longer averaging employed for the TIDI estimates (60 days) compared to the monthly means quoted for the models. This is particularly true if the W1 semidiurnal tide occurrences are somewhat transient and/or exhibit significant phase variability within any 60 day yaw interval. There are also differences in spatial structure and temporal evolution on timescales longer than the 60 day yaw interval that cannot be accounted for by different temporal averaging, however. Such differences may arise due to parameterizations in the various models, e.g., of gravity wave drag effects, that fail to adequately describe these effects in the atmosphere [Hagan et al., 1997; McLandress, 1998 ].
[36] Additionally, effects of interannual variations in the nonmigrating semidiurnal tide at high latitudes noted by Baumgaertner et al. [Merzlyakov et al., 2009] , effects of the quasi-biennial oscillation (QBO) [Hagan et al., 1992; Hibbins et al., 2009] , or of varying solar radiation [Baumgaertner et al., 2005; Fraser et al., 1989; Fraser, 1990] . Interannual variations of the tidal wind field are also specifically observed by TIDI [Wu et al., 2008a [Wu et al., , 2008b . Analysis of the interannual variations of the nonmigrating semidiurnal tides is beyond the scope of this effort, however, and will be a subject of future work.
[37] Riggin et al. [2003] compared the semidiurnal tide determined from ground-based radar wind measurements at Andenes (69°N, 16°E) , Norway, Poker Flat (65°N, 147°W) , Alaska, and Rothera (68°S, 68°W) and Davis (69°S, 78°E), Antarctica. Their results exhibit a maximum >25 ms −1 in September over Andenes. These longitudinal differences indicate influences of the nonmigrating tidal modes on the overall tidal amplitudes at any one site, and provide some hint of the nonmigrating tidal amplitude(s). But they provide no quantitative information on these amplitudes or their modal composition without a thorough assessment and decomposition of the tidal fields, which is impossible with ground-based measurements at only a few sites. Because TIDI measurements in September straddle two yaw intervals, it is not possible to identify a maximum amplitude occurring only during September. Even a transient maximum or significant phase variability would cause an underestimate. Additionally, our TIDI measurements were averaged over 5 years, and are thus insensitive to interannual variability. Thus, comparisons of the nonmigrating semidiurnal tidal modes observed by TIDI with ground-based measurements of the full semidiurnal tidal field at any one site cannot resolve ambiguities in tidal composition without substantially more (and coincident) data.
[38] The total semidiurnal tide described by Riggin et al. [2003] over the Antarctic, in contrast to the Arctic, does not exhibit a clear maximum. Thus, TIDI observations of a clear maximum during the October yaw interval imply that the nonmigrating semidiurnal tide, comprising primarily the W1 mode, is comparable in amplitude to the W2 mode over the Antarctic. These observations also suggest that the W2 mode over the Antarctic is smaller than the W2 mode over the Arctic, as predicted by the Global-Scale Wave Model (GSWM) [Hagan et al., 2001] , and perhaps contributes to an easier assessment of the nonmigrating semidiurnal tides over the Antarctic. In principle, it should be possible to estimate seasonal structures of the migrating semidiurnal tide defined from ground-based wind measurements and of the nonmigrating semidiurnal tide defined from TIDI observations for the same periods in order to define the full tidal motion field. Because tidal motions exhibit significant spatial and temporal variability, however, it will likely not be possible to assess the full tidal motion field on much shorter timescales without much more comprehensive (likely spacebased) observations. Nevertheless, improving temporal resolution of the full tidal field employing joint analyses of satellite and ground-based wind measurements will likely yield benefits in future studies.
Summary
[39] This paper presents the first assessment of the seasonal variations of the nonmigrating semidiurnal tidal structure comprising westward-propagating zonal wave numbers 1 and 3 and standing zonal wave number 0 determined from TIDI wind measurements over the Arctic.
[40] Enhancements of the W1 mode were observed before summer solstice from mid-March to mid-May above 95 km in both meridional and zonal components. The zonal component exhibited clearer latitudinal variations in amplitude than the meridional component, increasing poleward to ∼10 ms −1 near the North Pole. The phase structure of the W1 mode was nearly constant with latitude for both meridional and zonal components. Altitude variations of the phases revealed downward progression during summer with a vertical wavelength of ∼37 km. The W1 mode was also enhanced slightly from mid-September to mid-November, suggesting a semiannual oscillation.
[41] Enhancements of the S0 mode were observed from mid-March to mid-May. However, this mode appeared equatorward of 75°N, with a decreasing amplitude toward the North Pole throughout the year. During the two yaw intervals from mid-March to mid-May and from mid-September to mid-November, altitude profiles of the phases revealed downward progression with nearly the same vertical wavelength in the meridional and zonal components, but longer wavelengths from mid-September to mid-November than from mid-March to mid-May. The S0 mode showed a semiannual oscillation at 60°N, more clearly in the meridional component than in the zonal component. The W3 mode was observed from mid-January to mid-March.
[42] The amplitude of the W1 mode was greater over the Antarctic during Austral summer than over the Arctic in northern summer, and also enhanced at lower altitudes and over longer intervals. The amplitude of the W1 mode showed larger latitudinal variations over the Antarctic. Vertical wavelengths of the summer W1 modes were shorter poleward over both the Arctic and Antarctic.
